This study shows how data from very different disciplines can be combined to address questions relevant to contemporary conservation and understanding. This novel, interdisciplinary approach provides new insights into the role of economic factors as a driver of biodiversity loss in the uplands. Biodiversity levels have varied considerably over 400 years, partly as a function of land management, suggesting that establishing baselines or "natural" target levels for biodiversity is likely to be problematic. Changes in livestock grazing pressures brought about by changes in prices had statistically significant effects on estimated plant diversity, as did land abandonment. This suggests that longterm management of upland areas for the conservation of diversity should focus on grazing pressures as a key policy attribute. Another policy implication is that drastic cuts in grazing pressures -such as might occur under current reforms of the Common Agricultural Policy -can have adverse biodiversity consequences.
Introduction
It is becoming increasingly evident that current biodiversity values are influenced not just by recent or 20 th century management (e.g. Anderson & Yalden 1981; Fuller & Gough 1999; Palmer 1997; Sutherland & Hill 1995 , Thompson et al. 1995 , but also by longer-term drivers (e.g. Lindbladh & Bradshaw 1995; Gustavsson, Lennartsson & Emanuelsson 2007; Willis et al. 2007 ). The importance of such historical legacies has recently been recognised as 'a rather awkward ancient spanner in modern works' (Marrs 2008) . If effective policies are to be developed to conserve biodiversity, then it is clearly important to understand the determinants of biodiversity change as mediated through longer-term changes in land use. Economics has a strong influence on land-use, and thus on biodiversity, past and present (e.g. Barbier 2007; Davies & Watson 2007) . Taking agricultural land use as an example, farmers respond to price signals in a predictable way overall. For example, incentives to increase production through the guaranteeing of prices for farm outputs above market-clearing rates resulted in significant increases in livestock numbers when the UK joined the European Community and became party to the Common Agricultural Policy or CAP (Bowers & Cheshire 1983) . In upland areas classified as "disadvantaged", income support payments based on stocking rates amplified the desire to expand sheep and cattle numbers. Similarly, current agri-environmental measures rely on the idea that farmers can be induced to supply more environmental "goods" -such as new wetlands or native woodlands -if they are offered payments to do so. Understanding the role of economic incentives such as prices in partially explaining biodiversity change would thus appear to be important.
The principle aim of this paper is to analyse the effect that prices for farm outputs have had on an index of plant biodiversity over 11 sites in the Scottish uplands over the period 1600-2000, during which time there have been marked changes in the intensity and structure of agriculture. Other potential determinants of changes in plant species diversity, such as technological change, land ownership change and climatic variability are also included as variables in the statistical model estimated. As explained below, both economic theory and the statistical approach adopted allow us to use changes in agricultural prices as a proxy for changes in actual grazing pressures. This means that the historical relationship between grazing pressures and plant diversity can also be investigated, an analysis which complements and extends more contemporary ecological studies which have focussed on the effects of shorter-term changes in grazing pressures on biodiversity. This study also allows us to highlight the potential for historical and interdisciplinary studies in addressing questions of current policy relevance.
Materials and Methods

SITE SELECTION
Most of the data used in this analysis was obtained from primary historical sources and new palaeoecological analyses. The data collection sites represent a range of biogeographical zones in the Scottish uplands (Usher & Balharry 1996) . Site selection was an iterative process, involving the identification of sites with historical potential (where there was a reasonable chance of obtaining adequate documentary sources), alongside fieldwork to seek suitable small peat deposits to obtain undisturbed historic pollen sequences for palaeoecological analysis. The 11 sites finally chosen are shown in Supplementary Material Fig. S1 . All sites were predominantly upland livestock farms, with very limited arable cropping during the study period.
CONSTRUCTION OF DATA SERIES ON PLANT SPECIES DIVERSITY
A diversity time series was calculated for each of our sites. We refer to this measure as B it , the estimate of plant diversity at site i in time period t. This was derived from fine-resolution pollen data. The pollen analyses were conducted using peat cores from small bogs, rather than large peatlands, thus ensuring that the pollen signal is sensitive to vegetation cover within a radius of up to 1 kilometre; this allows a reconstruction of vegetation and land-use change on the scale of fields and farmsteads. One peat core was taken from each site using a closed chamber corer to avoid disturbance and compaction. Each core was sampled at c.20 year intervals and dated using radiocarbon and lead-210 techniques, both with an associated error (see Davies & Watson 2007 for more details). Between 18 and 42 samples were analysed per core. The diversity estimate for each sample was derived by applying rarefaction analysis, so providing minimum variance unbiased estimates of the expected number of taxa (x) in a random sample of n individuals taken from a collection of N individuals containing X taxa (Birks & Line 1992) ; n was set at 300 for the analyses presented. Rarefaction estimates incorporate both plant diversity and vegetation evenness (equitability), but are not linearly related to either because (1) not all pollen types can be identified to species level, (2) pollen data are influenced by differences in representation (not all plants produce equal amounts of pollen), (3) there can be interference in pollen dispersal from vegetation structure and (4) due to constraints on the relative representation of taxa, since pollen data are presented as percentages (Birks & Line 1992; Odgaard 1999 Odgaard , 2001 in farm management such as enclosure were also recorded. The degree of utilization of each site through a typical farming year was recorded, from abandonment to summer-only use to yearround grazing. Data were also collected on changes in land ownership, size of holding (due to farm amalgamations, which occurred at most sites) and tenancy change.
Information was also needed on relevant environmental factors. Since no long-term time series on climate is available at even the national level for Scotland, we use English data for precipitation (Alexander & Jones 2001) and temperature (Parker, Legg & Folland 1992) .
However, an "extreme weather events" dummy variable was also constructed for each site, to represent weather events such as floods or droughts that were unusual enough to be recorded in historical documents.
To allow for the imprecise alignment in time of palaeoecological and historical information, and to handle the relative paucity of historical information on land use change, the data were structured into 20-year intervals over the 400-year study period. 
DATA ANALYSIS
The data to be analysed have some features for which provision needed to be made from a statistical viewpoint. First, adequate data are not available to conduct either a time-series analysis of drivers of plant diversity change at any individual site, or a cross-sectional analysis across all sites in a given time period. Therefore, we need to use all the available information on variability in both biodiversity and its potential determinants across both time (that is, from 1600-2000) and space (across our sites). We thus make use of a "panel" dataset -one where we combine information on variables across sites and over time. An implication of pooling information across time and sites is that we have to allow for unobserved site-specific effects. In particular, some of the determinants of the variation in plant diversity across sites are site-specific and are not expected to change over the time period analysed. Examples include altitude, soil type, exposure and latitude. To deal with these unobserved factors (which are not the focus of our analysis), we control for them in the regression analysis by including a dummy variable for each site (Balgati, 2001; Wooldridge, 2002) .
In addition, as noted above, historical data is missing on actual livestock numbers and area grazed. From the perspective of the individual farmer, a rising price could be interpreted as being consistent with an increase in stocking rates according to a normal supply response: higher prices cause firms to wish to raise their output. In the present context, higher cattle prices would thus be a signal to farmers to increase cattle output. It is also reasonable to assume that no individual farmer has a big enough influence on the market for his decisions over how many cattle or sheep to stock to affect the market price: farmers are thus, individually, "price takers". In this case, we could use prices as a proxy for grazing pressure, the assumption being that higher prices imply higher livestock numbers and hence higher grazing pressure.
However, if a "shock" occurs which causes all farmers in a region to reduce their output (for example, an outbreak of animal disease, or civil war), then periods of high prices could coincide with periods of low levels of aggregate supply (low total animal numbers), and periods of low prices with periods of high aggregate supply (high total animal numbers). This introduces a problem of endogeneity to the data and implies that we cannot simply assume that higher prices are an indicator of higher livestock numbers. We deal with this concern by using instrumental variable (IV) methods to estimate our statistical model. The main idea behind IV methods is to find variables that are related to prices but are unrelated to the supply of livestock, other than through their effect on prices, and then use these as "instruments" for prices. Such variables are those related to the demand for livestock. The reasoning is that if, for instance, demand for livestock (i.e. for meat) increases, then prices will increase and farmers will respond by increasing herd size or output. By controlling for such demand-side effects at a first stage, we can identify supply-side effects at a second stage in the estimation (more details are given below). The
Instrumental Variables used here are the English population (a measure of market demand); the presence or absence of garrisons in a particular region (which increases local demand); the passing of the Act of Union between England and Scotland (this reduced trade barriers); the advent of refrigerated transport from the New World (this reduced demand for UK meat); and grain prices, as a substitute for meat in consumption.
Ecologically, the model we are interested in estimating could be written as:
where B it is our measure of biodiversity for site i in time period t , Q it is a measure of the numbers of livestock which farmers keep and thus the preferred indicator of grazing pressure, S it includes other observed land management variables that are also thought to affect biodiversity, c i are sitespecific (fixed) effects relating to plant diversity levels (such as soil type and elevation), u it is an error term assumed to be normally distributed and α, b and δ are parameters to be estimated.
Historic vegetation composition and land-use will influence biodiversity, and we therefore include a lagged term for species number, B i,t-1 as a predictor of B it , since this represents past ecological conditions.
As we note above, we cannot directly observe Q it over the time period analyzed, and so must use prices for cattle and sheep instead (denoted pcattle and psheep respectively). By using the IV approach, the parameters estimated for pcattle and psheep can be used to infer the impacts of changes in Q it on plant diversity (more detail is given in Supplementary Material Appendix S1). We also include as potential determinants of plant diversity change a number of management variables, denoted S it in eqn 1. These include sizechange, mgtchange and mgtinten (Table 1 ). The first of these represents whether farm amalgamations occurred in a given time period, since we know from the historical analysis that such amalgamations are sometimes linked to changes in management. Mgtchange is a count variable which represents recorded changes such as enclosure and large-scale draining. Mgtinten represents how much of the year the site was actively managed for agriculture, from abandonment to year-round use. We also include in S it the variables andisease, annewbreed, extrweather and extrcivil. These represent incidents of animal disease, the introduction of new breeds, extreme weather events that were sufficiently unusual to be recorded, and extreme civil events such as civil war (which might disrupt supply chains and take labour away from farms).
Results
As an example, pollen data for one farm site in NW Scotland indicate a predominance of grassy pastures with arable fields, areas of flushed bog and a small amount of local tree cover for the period pre-c.1830 (Fig. 1) , with relatively high diversity (B it ) (above the mean for the study period, Fig. 2 Potentilla-type (zone GLE2b-c), indicative of poorer drainage and/or nutrient depletion. This occurred in the wake of the 1812 eviction of tenant farmers to create a sheep farm. The loss of pollen diversity is attributed to increased grazing intensity with the cessation of intensive soil management associated with occupation, as diversity does not recover following the market-led decline in sheep numbers after c.1880. These processes gave rise to the poorly drained and homogeneous grass and bog present today, with birch invading the old fields since c.1900.
Regression results are presented in Table 2 . Correlation analysis showed that cattle and sheep prices are highly correlated across sites and over time, so separate models are reported using each in turn as the agricultural price which potentially determines plant diversity change.
Results for a first-stage regression which uses the Instrumental Variables to predict values for pcattle and psheep are not shown for brevity. The results for models (1) and (2) show that higher prices for either sheep or cattle imply lower levels of biodiversity on average over time and across sites, since in both cases the coefficient estimate on price is negative. Note that both effects are statistically significant at the 95% level (P < 0.05). Based on the IV specification used, this is equivalent to finding that higher grazing pressure from either cattle or sheep resulted in lower plant diversity, across sites and over time. This is supported by analyses of the full pollen datasets, since the strongest pollen diversity losses occur under conditions of higher grazing intensity during the 19 th and 20 th centuries. The only other variable that emerges as statistically significant is mgtinten, the degree to which sites are grazed year-round, and the results show that site abandonment reduces biodiversity (P < 0.05). Neither technological innovations, as measured by management changes such as enclosure, nor the introduction of new sheep breeds seem to matter to our measure of biodiversity. Finally, in accord with expectations, it can be seen that
higher diversity values in preceding periods are associated with higher diversity estimates in subsequent periods (P < 0.05 for B t-1 ).
To investigate whether national trends in climate might have had an effect on plant diversity on the case study sites, we extended the model by adding data for mean temperature and annual rainfall taken from English sources (we do not include these two variables in the main specification in models (1) and (2) because they are available for fewer time periods -rainfall data only starts in the 1761-80 period -so that the sample size drops to 85). The results are shown in models (3) and (4) of Table 2 . As can be seen, neither of these variables is significant, and their inclusion caused no significant changes in parameter estimates for the effect of prices on biodiversity.
A quadratic relationship between Q and B was also tested for: finding such a relationship would imply that up to some point, increasing grazing pressure increased plant diversity, but that after this threshold, increased grazing pressure reduced diversity. However, results show that any such effect is not revealed in the data presented here, since the parameter estimates on squared terms for pcattle nor psheep were insignificant. However, more detailed site-specific palaeoecological analysis does show some instances when over short time periods, increased grazing seems to have resulted in increased diversity. This generally occurred pre-1800 and usually on improved pasture rather than summer grazing sites.
The analysis reported above used prices as a proxy for livestock numbers, due to the lack of site-specific data on stocking rates. An obvious question is whether the findings in Table 2 are robust to actual stocking levels. Data on sheep and cattle numbers does exist from 1860 onwards at the parish (local administrative) level. There are two drawbacks when using these data. First, these are available at the parish -and not the specific site -level, so that the number of animals at this larger spatial unit can only be considered as a proxy for the actual livestock number at the site where the pollen data was collected: recall that we earlier used price changes as a proxy for the changes in the number of animals an individual farmer (i.e. at any of our case study sites) would want to hold. Secondly, these data are available from 1860 onwards only, so that we cannot use the information on biodiversity for earlier periods. Despite these two shortcomings, however, the census data provide useful information for an alternative test of the hypothesis that higher livestock numbers are related to lower biodiversity.
Models 1 and 2 present results without the climatological variables, which are added in models 3 and 4 (Table 3 ). The main result that emerges is that higher cattle numbers are significantly related to a decrease in the biodiversity index, while the parameter on sheep, although negative, is not statistically significant. Indeed, this result is verified when we include both cattle and sheep in the same regression, because, as can be seen in column 5, cattle remains significant and sheep insignificant. Overall, therefore, our analysis suggests that using different proxies for grazing pressure in general associates higher grazing pressure with a decrease in plant diversity, the results being more robust for cattle than for sheep. The parish data in fact shows the biggest changes in cattle numbers, rather than sheep, over the period 1860-2000. Consequently, additional pressure from cattle in a system which was, by the 1860s, dominated by sheep, appears to have exacerbated existing grazing impacts, resulting in marked diversity losses. This argument is further supported from the results in model 6, where we have added the ratio of cattle over sheep (denoted as cattle/sheep) in the regression, in addition to cattle. In this model, the additional affect on biodiversity from increasing the number of cattle (as given by the partial derivative of B t with respect to cattle) is estimated to be (-0.004+(90.044/sheep)), which implies that an increase in the number of cattle has a higher adverse impact on biodiversity when the number of sheep is also large.
In addition, we see that in Table 3 a number of other variables are significant in explaining biodiversity change over this later period. An increase in the number of size changes (sizechange) in the farm holding, whether this was an increase in the farm size due to amalgamations, or (much more rarely in the records) a decrease due to the farm holding being split up, is associated with a fall in diversity. Site abandonment also negatively affects diversity.
The number of management changes such as burning, liming or fencing (mgtchange) also has a significant effect on diversity, with more innovations having a positive effect. Finally, extreme weather events in this later period seem to be related to plant diversity changes in the cattle numbers model. However, the analysis in Table 3 should be viewed with care, since as noted above, we cannot be sure that the stocking changes in the parish data were reflected by changes at the sites where the pollen records were obtained, and they do not cover pre-1860 time period.
Discussion
This paper investigates the possible economic determinants of one measure of biodiversity change over a 400 year period. We constructed a panel of estimates of plant diversity across space and time using pollen analysis, and assembled a matching dataset of prices, land use change, technological improvements and changes in social conditions. An instrumental variables panel regression analysis was then used to explore relationships between the diversity estimate and these economic and social drivers. Several limitations in the analysis should be recognised.
The first is simply that of missing information, in that the historical record is increasingly 'patchy' further back in time. We also note the problems in transforming historical information into a form suitable for quantitative analysis: much detail is lost from the historian in transferring this information into a usable quantitative form. The same applies in reducing complex pollen data to a single variable. Consequently it is important to utilise the full palaeoecological and historical datasets in interpretation of particular periods and sites. We were unable to test whether the average relationship measured between prices and diversity has changed dynamically and spatially, i.e. across time periods or across sites: there are simply too few data to permit such a split-sample analysis. Despite these limitations, this study does have relevance both in developing interdisciplinary methods, as well as in furthering our understanding of the drivers and dynamics of biodiversity change.
The main conclusions that emerged were that agricultural prices exerted significant influences on biodiversity over the period 1600-2000. Rising prices brought about higher livestock numbers, which on average seem to have depressed diversity values. Robustness analysis (Table 3 ) which used actual livestock numbers over a shorter time period seems to partly confirm these main results. Site abandonment and site amalgamation/ enlargement also affected diversity. Both transformations may partly signal a move to more homogeneous landscapes, as farm sizes increased, larger areas were managed as single units in an extensive grazing system, and the patchwork of small fields which maintained heterogeneity on a smaller scale disappeared, since the pollen diversity estimates are influenced by vegetation evenness. No significant effects were found for climatic variables, but this may have been due to the necessity of using weather data from England. Mixed signals were found with regard to the introduction of new animal breeds, but in the full (1600-2000) model, these were not statistically significant as determinants of diversity change.
Our results might thus be seen as confirming the idea that rising grazing pressures are bad for biodiversity in upland areas. While the analytical methods applied here are novel, the results support previous documentary and palaeoecological evidence for some deterioration in the quality or diversity of the UK uplands from around 200-300 years ago, particularly from 1750-1850
(depending on whether one considers evidence from the Borders or the Highlands) (Stevenson & Thomson 1993; Smout 2000; Tipping 2000; Davies & Dixon 2008) . The present evidence that site abandonment had significant negative effects on diversity also supports recent historical inferences (Smout 2000; Dodgshon & Olsson 2006) . However, while previous analyses have investigated potential direct drivers of ecological change via shifts in stocking levels and types, and the removal of nutrients and biomass (e.g. Mather 1978 Mather , 1993 Innes 1983 ), the present approach provides strong evidence that these ecological changes were ultimately driven by economic factors.
A non-linear relationship between agricultural intensification and diversity has been proposed (Kleijn & Sutherland 2003; Whittingham 2007 ), but in this study no threshold effect was found for agricultural prices, in the sense that we do not observe implied increases in stocking actually increasing plant diversity levels over some range. If one has in mind a concave relationship between diversity and stocking density, equivalent to the 'intermediate disturbance'
hypothesis, then our observations would appear to lie mainly beyond (i.e. to the right of) such a turning point.
Current predictions of changes due to the "de-coupling" of agricultural support under the Common Agricultural Policy and eventual removal of the Single Farm Payment are that, on average, returns from livestock farming in the uplands may fall (Oglethorpe 2005) . Declining returns for upland livestock producers can be expected to translate into reductions in grazing herds and perhaps even the abandonment of sheep and cattle farming enterprises altogether.
Falling sheep and cattle numbers would be expected, according to our results, to lead to an increase in plant diversity over time, but we also note the relevance in this context of our finding on the effects of the abandonment of livestock grazing altogether, which is predicted to reduce species diversity.
Our results can also be related to current debates over the appropriate balance of sheep and cattle in the uplands from an ecological viewpoint (Rook et al. 2004 ). The regression model in Table 3 , column 6, shows that the impacts of an increase in cattle numbers on diversity are greater, the higher the level of sheep stocking. However, we do not find evidence that a mixed system produced lower adverse impacts on diversity than a single species grazing regime. This is in contrast to results such as those presented by Evans et al. (2006) , who found that upland bird numbers were higher in a mixed grazing system at "low" overall grazing levels, compared with a single-species grazing regime. However, one should note that the nature and evolution of the upland systems considered here may yield average results (i.e. over 20 year time periods, based on sometimes patchy data) which have limited relevance for changes starting from current ecological conditions: finding that higher cattle numbers depressed plant diversity by more than higher sheep numbers over the last 140 years does not mean that this would also be the result looking forward from 2008.
SYNTHESIS AND APPLICATIONS
The results of the present study show that plant diversity over the last 400 years in the Scottish uplands has been dynamic, and closely linked to intensity of grazing driven by market prices. This is of direct relevance to the debate about how grazing should or can be used as a tool in biodiversity management (Midgley 2007; Moore 2005; Marrs 2008) , and discussions on the effectiveness of agri-environment schemes (Kleijn & Sutherland 2003; Whittingham 2007) . Such schemes are commonly used as a means of achieving conservation aims on farmland, but any biodiversity gain from such schemes could be 'swamped' by farmers responding to market changes and intensifying grazing. Thus the role of economics must be understood both in terms of a farmer's response to market changes, and in making agri-environment schemes a viable alternative to market-driven management.
The past dynamism of all ecosystems must be recognised, and the importance of past management in determining what we see today should not be under-estimated (Honnay et al. 2004 ). The connections between recent economics and biodiversity have been noted (Watzold et al. 2006; Bullock, Pywell & Walker 2007) , but the present study emphasises the relevance of historical ecological and economic evidence to current biodiversity research and management.
Changes in biodiversity through time also raise questions about how baseline biodiversity values or conservation targets are determined (e.g. Chambers et al. 2007; Foster & Motzkin 2003; Willis et al. 2007 ), since our findings show the extent to which cultural factors have shaped semi-natural communities both before and since industrialization. This is relevant to the continuing debate on naturalness and naturalistic processes, and what levels of intervention are appropriate in conservation (Bignal & McCracken 1996; Green et al. 2005; Willis & Birks 2006) . Only by addressing such questions though interdisciplinary work can we bring all relevant information into the debate. A c h i l le a -t y p e ( e . g . y a r r o w ) C i c h o r i u m i n t y b u s -t y p e ( e . g . d a n d e l i o n ) P l a n t a g o l a n c e o l a t a ( r i b w o r t p l a n t a i n ) 20 P o t e n t i l l a -t y p e 
